The remarkable s± superconductivity (SC) is well known in the iron-based superconductors, which are of multi-orbital characteristic. Here we propose a single-orbital realization of this intriguing pairing state with high superconducting critical temperature Tc in the square-octagon lattice, which is hosted by a few real materials. Owing to the perfect Fermi surface nesting at half-filling, arbitrarily weak Hubbard-interaction drives long-range spin-density wave (SDW) with Neel antiferromagnetic order. Such SDW order persists into the doped regime for finite Hubbard-U , but with its wave-vector shifting linearly with doping concentration, leading into incommensurate SDW state. When such SDW order is killed by further doping or parameter-tuning, strong short-ranged spin fluctuations mediate unconventional SC with rich pairing phase-diagram. The largest portion of the phasediagram is occupied by the s±-SC, with high Tc. Finally, we propose realization of our results in relevant materials.
Introduction:
The search of high-temperature superconductivity (SC) has been the dream of the condensedmatter community for decades. Presently, the synthesized high-temperature superconductors families include the cuprates and the iron-based superconductors. This two superconductors families share the same feature in their phase-diagrams that SC is in close proximity to antiferromagnetism (AFM). Although the concrete pairing mechanism in the two families is still under debate, it's commonly believed that the high-temperature SC in the two families is driven by antiferromagnetic spin fluctuations [1] . Therefore, a promising way to search for high-temperature SC is to find systems with strong spin fluctuations.
Here, we focus on the square-octagon lattice, or the 1 4 -depleted square lattice. This 2D lattice structure has attracted a lot of research interest recently [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , because it not only hosts Heisenberg-or Hubbard-models free from the Monte-Carlo "sign-problem", but it also arises from such real materials as the CaV 4 O 9 [20] , the vacancyordered iron-selenide superconductor K 2 Fe 4 Se 5 [21, 22] and the newly predicted 2D materials nitrogens and phosphorene (or other group-VA elements) [23] . Diverse approaches have been adopted on this lattice, which revealed rich phase diagram and intriguing physics. Particularly, various numerical studies on the Heisenberg- [3, 4, 6-9, 17, 18] and Hubbard- [2, [12] [13] [14] [15] [16] 19 ] models on this lattice have identified both magnetic-ordered phases such as the Neel-, the block spin and the stripe-ordered AFM and the nonmagnetic gapped Mott-insulating phases such as the plaquette singlet and the dimersinglet. Further more, the Hubbard-model on this lattice can experience Mott-metal-insulator transition when tuning parameters [13, 14] . More recently, it's found [17] that the Heisenberg-model on this lattice can accomodate the 2D AKLT phase, which is a symmetry-protected topological phase, and its transition to the Neel-ordered state induces unconventional surface critical behavior. Presently, most of these studies are focused on the halffilling case.
In this paper, we study the single-orbital Hubbardmodel on the square-octagon lattice away from halffilling. We focus on possible novel magnetic and superconducting state distinct from the half-filling case. The key observation here is that the tight-binding model on this lattice with intra-square and inter-square nearestneighbor (NN) hopping parameters has the peculiar property of perfect FS nesting at the wave-vector Q = (π, π) at half-filling. Such FS nesting will lead to divergence of the magnetic susceptibility and hence long-range SDW order with wave-vector Q for arbitrarily weak interaction strength. Upon doping, we found that the FS nesting and hence the magnetic order is weaken soon and that the nearly-nested vector deviates from Q linearly with doping, leading to incommensurate SDW. Further doping or parameter-tuning destroy the long-range SDW order, but the short-ranged spin fluctuations are left, which mediate unconventional SC with rich pairing phase-diagram. Our random-phase-approximation (RPA) based calculations identify the s± SC as the leading pairing symmetry in realistic parameter regime. Further more, the superconducting critical temperature obtained is high in a wide doping range. Our results will not only shed light on the pairing mechanism of the iron-selenide SC, but also provide new possible systems with high-temperature SC.
Model and Approach:
We consider the following single-orbital Hubbard model on the square-octagon latarXiv:1801.00220v1 [cond-mat.supr-con] 31 Dec 2017 tice,
Here c † iσ (c iσ ) creates (annihilates) an electron with spin σ at site i, with n iσ to be the corresponding electron number operator. The first two terms with coefficients t 1 and t 2 describe the intra-square (unit-cell) and intersquare hoppings respectively, as shown in Fig. 1(a) . The U -term (with U > 0) describes the repulsive Hubbard interaction.
The tight-binding part of the above Hamiltonian can be written in the momentum space as
in which Ψ †
, and
The index µ under the electron operator c † µσ represents the site index within each unit cell (the dotted square), as illustrated in Fig. 1(a) . For simplicity, we shall take t 1 = 1 as our energy unit in the following.
The band structure of the tight-binding model for a typical parameter setting t 2 = 0.5 along the high symmetric lines in the first Brillouin zone is presented in Fig. 1(b) . For the half-filling (n = 1) case, the band E 2 (k) and E 3 (k) cross the Fermi level to form a hole pocket (α) centering around the Γ point, and an electron pocket (β) centering around the M point, as shown in Fig. 1(c) . Remarkably, the two pockets are identical, connected by the perfect nesting vector Q = (π, π), as shown in Fig. 1(c) . Such perfect FS nesting is robust at half-filling for 0 < t2 t1 ≤ 2 (for t2 t1 > 2, there is no FS). However, upon doping, the perfect FS nesting is broken, as shown in 1(d).
To study the magnetism and pairing symmetry of the model system, we adopt the standard multi-orbital RPA approach [24] [25] [26] [27] [28] [29] [30] . This approach handles the interactions in the RPA level, from which we determine the properties of the magnetism and SC for interactions above or below the critical interaction strength U c respectively. Generally, the RPA approach only works well for weak coupling systems.
Susceptibilities and magnetic phase: In the RPA approach, we first calculate the following bare susceptibility, which describes the fluctuation in the particle-hole (a) channel for U = 0,
Here l i (i = 1, ..., 4) denotes orbital indices. The largest eigenvalue χ(q) of the static susceptibility matrix χ
m.m (q, iω = 0) for each q represents the eigensusceptibility in the strongest channel, while the corresponding eigenvector ξ(q) provides information on the fluctuation pattern within the unit cell. The information about the distribution of χ(q) over the BrillouinZone, as well as the fluctuation pattern for the peak momentum, is shown in Fig. 2 for different dopings for t 2 = 0.5. Fig. 2(a) illustrates the distribution of χ(q) over the Brillouin-Zone for the undoped case, which sharply peaks at Q = (π, π), reflecting the perfect FS nesting at that wave vector, as shown in Fig. 1(c) . On the other hand, the eigenvector ξ(Q) = ( tum, which suggests a Neel pattern. With the development of doping, the peak in the distribution of χ(q) splits each into four and deviates from Q = (π, π) to Q x = (π ± δ, π ± δ), as shown in Fig. 2 (b) for x = 10% electron doping (n = 1.1) as an example. The relation between δ and x shown in Fig. 2(c) suggests a linear relation, revealing incommensurate inter-unit-cell fluctuation pattern,just like the Yamada relation in the cuprates [31] . In the meantime, the eigenvectors ξ(Q x ) nearly keep unchanged, and thus the intra-unit-cell fluctuation pattern is still approximately described by Fig. 2(d) .
When the Hubbard interaction turns on, we treat with it in the RPA level, where the renormalized spin (s) and charge (c) susceptibilities are given by
Here χ (s/c) (q, iω n ), χ (0) (q, iω n ), and U (s/c) are 4 2 × 4 2 matrices and I is the unit matrix. In our model, U Fig. 2(a) actually describes the spin fluctuation. Note that the RPA approach only works for U < U c , with the critical interaction strength U c determined by det I − χ (0) (q, 0) U = 0. For U > U c the spin susceptibility diverges, which leads to long-range SDW order. The critical interaction strength U c as function of the electron density n is given in Fig. 3 . For n = 1 with 0 < t2 t1 ≤ 2, the perfect FS nesting leads to U c = 0, which means that arbitrarily weak U (U > 0) will cause SDW order. The spin-ordered pattern shown in Fig. 2(d) suggests Neel AFM. With the enhancement of the doping x, U c grows to finite but still small value satisfying U c < U in the low-doped regime, where long-ranged SDW order maintains, but the ordered wave-vector Q x shifts to incommensurate values described by Fig. 2(c) . Therefore, incommensurate SDW phase occupies the lowdoped regime in the phase-diagram shown in Fig. 7 .
Superconductivity and phase diagram: When the doping concentration x further increases so that U < U c , the long-ranged SDW order is killed. However, the shortranged spin fluctuation is still strong, which mediates the superconducting pairing in the system. In the RPA level, one can construct an effective pairing potential V αβ (k, k ) [28, 29] caused by the exchange of charge and spin fluctuations, whose propagators are represented by the renormalized susceptibilities Eq.5. Finally, we obtain the linearized gap equation as,
Here the Fermi velocity is defined as v The U -dependence of the largest pairing eigenvalue λ for each symmetry channel is shown in Fig. 4(a) for x = 0.1 with t 2 = 0.5. Obviously, λ enhances promptly with the growth of U , which is due to the enhancement of spin fluctuations. The leading pairing symmetry turns out to be the s-wave. The C 4 -symmetric distribution of its pairing gap function ∆(k) on the FS is shown in Fig. 5(a) . Remarkably, the gap function of this s-wave pairing state is not constant or near constant on the FS. Instead, while it nearly keeps constant on each Fermi pocket, its values on the two pockets differ by a minus sign. Such an s-wave pairing is a standard s±-SC, similar to that found in the Fe-based superconductors. Hence interestingly, we have established here a one-orbital realization of the familiar s±-SC, which used to be realized in the Fe-based superconductors family wherein nearly all five 3d-orbitals are involved in the pairing. The subleading pairing symmetry is the d The doping-dependence of λ for each singlet pairing channel is shown in Fig. 4(b) for typical parameter set- ting t 2 = 0.5, U = 0.6. After a prompt drop near the critical doping (about ±2%), the pairing eigen-value λ for the s±-wave SC varies slowly within the regime λ ∈ (0.4, 0.5) for a wide doping range from −20% to 20%. Note that even with such a moderate interaction strength as U = 0.6t 1 , the obtained λ ≈ 0.4 is rather high, leading to a SC critical temperature of T c ≈ 0.1ω D , which will be around 100K if we take ω D ≈ 0.1t 1 ≈ 0.1eV for real material. Although the RPA approach is inclined to overestimate the T c , the λ ≈ 0.4 obtained here is at least comparable with that for the iron-based superconductors [25, 26, 32, 33] for typical U . Interestingly, here one verifies the emergence of high-temperature SC mediated by the strong short-ranged incommensurate spin fluctuations in this near FS-nested system. The t2 t1 -dependence of λ for each pairing channel is shown in Fig. 6(a) with U = 0.6 for 10% electron-doping. With the enhancement of t2 t1 , the λ's of the two leading pairing symmetries s±-and d x 2 −y 2 -wave pairings first decrease gradually and then drop promptly to zero at around t2 t1 ≈ 1.6. Physically the decrease of the λ's of the two singlet channels results from the damage of FS nesting, which is even suppressed after t2 t1 > 1.6 as the Γ-pocket completely vanishes there. With a single FS around the M (π, π)-point in such parameter regime, the s±-wave pairing loses the basis for its existence and the nodal-gapped d x 2 −y 2 -wave pairing is also beat by the fully-gapped d xy -wave pairing, whose gap function is shown in Fig. 6(b) . At low enough dopings for large like spin-fluctuations mediate doubly-degenerate triplet p x,y -wave pairings, with the gap function for the p x -wave symmetry for the 5% electron-doping shown in Fig. 6 (c).
The degenerate p x,y -wave pairings mix into p x ±ip y topological SC below T c .
Conclusion:
The main results of this paper are summarized in the phase-diagram shown in Fig. 7 . At halffilling, due to the perfect FS nesting, SDW with Neel AFM order emerges for arbitrarily small Hubbard-U .
The SDW order persists into the doped case for some range for finite U , but with the ordered wave-vector shifting linearly with doping, leading into the incommensurate SDW. When the long-ranged SDW order is destroyed by further doping, the short-ranged spin fluctuations will mediate unconventional SC. In large portion of the phase-diagram in the low-doped regime, the good FS nesting leads into standard s±-wave pairing with high critical temperature. Thus, we have realized here a single-orbital version of the remarkable s±-SC well known in the Fe-SC community, and the obtained T c is also comparable with that of the Fe-SC. Considering the same crystal structure between our system and the A 2 Fe 4 Se 5 superconductors, the obtained s± pairing here suggests that the multi-orbital character of the Fe-SC family might not be a determining factor for its high T c . Besides, our results also provide basis for exploring high-temperature s± superconductors in materials with similar crystal structures, including but not limited to the doped CaV 4 O 9 [20] and nitrogens [23] .
